Life evolved in the oceans for around three billion years, leaving the continental surfaces lifeless for more than six sevenths of the history of our planet. Only after the accumulation of oxygen in the atmosphere -mostly produced by photosynthesis in the oceans -had led to the formation of protective ozone in the stratosphere did dry land become a habitable zone, as it was now sheltered from hard UV radiation.
As life on land became an option, many species must have tried to conquer it, not all of them successfully. Plants begin to show up in the fossil record around 450 million years ago. Gregory Retallack from the University of Oregon at Eugene has recently suggested that the organisms of the Ediacaran (635-542 million years ago) may have lived in soil rather than in the oceans (Nature (2013) 493, 89-92) , but this claim has been met with scepticism, and stronger evidence would be needed to convince authors to rewrite their textbooks.
The spread of land plants offered food and new habitats for subsequent animal invaders. Arthropods must have made the transition at least five times, as researchers have concluded from phylogenetic trees. For instance, the last common ancestor of insects and spiders lived in the oceans, so both lineages must have made the transition independently.
Later still, only some 380 million years ago, vertebrates expanded their range onto dry land and evolved to become four-legged animals (tetrapods) and the ancestors of today's mammals, reptiles and birds. For the sake of large-scale evolutionary analysis it doesn't matter if animals actually have four legs, so snakes, birds, and whales are all included in the large group referred to as tetrapods.
In 2006, the group of Neil Shubin from the University of Chicago described transitional fossils found on Ellesmere Island in the Canadian Arctic, displaying both fish-like features and the beginnings of limb development. The fish, which they named Tiktaalik, must have been able to crawl onto the riverbank and do push-ups with its front limbs, which show the basic bone pattern found in all land tetrapods today. Shubin has also described the discovery and some of the implications for our understanding of vertebrate evolution and development in a popular science book with the title Your Inner Fish (Pantheon Books, 2007) .
Further insights into how vertebrates had to change to conquer dry land have now been gained from comparisons between the established genetic knowledge of land vertebrates and the newly sequenced genome of Feature one of our closest relatives among the fishes, the coelacanth.
Mysteries of the coelacanth
The coelacanth (Latimeria chalumniae) is a prime example of how incomplete our knowledge of life in the oceans is. It was believed to have been extinct for nearly 70 million years until South African museum curator Marjorie Courtenay-Latimer (1907 -2004 ) discovered a specimen in 1938. Science had to wait another 15 years for a second representative of the species to surface, and only in 1997 was a second species of Latimeria discovered in Indonesia, Latimeria menadoensis.
As the present-day coelacanths, which grow to more than one metre in length, look very much like their fossils from the age of the dinosaurs, they have been labelled 'living fossils' and researchers have wondered whether they really evolved more slowly than other species over the same time span. Moreover, the coelacanth is of special interest as its fins are more limb-like than those of most other fishes, suggesting that it
The earliest vertebrates all lived in the oceans, long before life conquered land. It is only natural, therefore, that genomes of fish species are important reference points for the understanding of evolution and development of land vertebrates. Recent results from a relatively close relative, the coelacanth, and a widely used model, the zebrafish, are particularly promising, as Michael Gross reports.
What fish genomes can tell us about life on land
Zebra crossings: Zebrafish (Danio rerio) is already an established model system for studies in functional genomics. Its completed reference genome and additional tools to probe gene function will make it even more useful for studies of genetic functions shared between vertebrates.
(Photo: © Dries Knapen, http://zebrafishlab.be, University of Antwerp, Belgium.) is one of the closest relatives of the fish species that made the transition to life on dry land and became the ancestor of today's four-legged animals and humans.
An international consortium of more than 90 researchers from 40 institutions led by Chris Amemiya from the University of Washington at Seattle has recently published the genome sequence of Latimeria chalumniae and answered some of the questions around its evolutionary history (Nature (2013) 496, 311-316) .
So is the coelacanth really a living fossil frozen in time? Fish morphology isn't necessarily the best indicator of genetic change, so the look the animal kept for over 70 million years doesn't count as strong evidence. Analysing protein-coding genes and comparing their sequences to other vertebrate species, the genome consortium found that Latimeria chalumniae did indeed change a bit more slowly than the related lungfish, and much more slowly than mammals, with a substitution rate 25% lower.
Further analyses showed that this slow change is not due to general inactivity in the fish's genome. The number of active transposable elements, for instance, is very similar to that in other comparable genomes, as the group of Jean-Nicolas Volff at the Institut de Génomique Fonctionelle de Lyon (IGFL) found. Thus, the reason for the slow change remains unexplained. It may simply be due to a static habitat and the absence of any dramatic arms races with predators or prey.
As for the relatedness to land-living vertebrates, the genome analysis suggests that the coelacanth is not quite as close to us as the lungfish (freshwater fish of the subclass Dipnoi). However, lungfish have an enormously inflated genome estimated to include between 50 and 100 billion base pairs, with a high percentage of transposable elements (Mol. Biol. Evol. (2012) 29, 3529-3539) , while the coelacanth draft genome with 2.86 billion base pairs is very close to the size of the human genome.
Thus, for the time being, lungfish genomics would not be practical, and coelacanth emerges as our closest fish relative that can be used for comparative genomic studies. More surprisingly, perhaps, seen from the perspective of the coelacanth, human beings are closer relatives than the goldfish in their aquariums, which belong to the ray-finned fishes (class Actinopterygii), and, indeed, closer than nearly all the fish in the sea.
As Chris Ponting from the University of Oxford, who was involved in the coelacanth project, puts it: "Land-dwelling vertebrates all evolved from one branch of the tree of all fish -in a real sense humans and all other tetrapods are fish! So what we learn from fish genomes tells us directly about our own biology and what we've gained or lost in becoming human."
And what do these genomic studies tell us about our distant ancestors, the cousins of coelacanth that made the transition to life on dry land? Analysis of the coelacanth genome sequence revealed around 50 genes that are present in coelacanth and all other bony fish studied, but not in tetrapods; these genes are presumed to have 'been left in the water' during the transition to life on land. Functional studies in zebrafish have linked these genes to a range of activities, mainly those involved in the development or function of organs that must work differently in air and water, like eyes, fins, skin, and ear development. By contrast, the homeobox genes, which are in charge of the development of the vertebrate body plan, are better conserved.
Much of the genome change is expected to happen not in the sequences of protein-coding genes but in regulatory elements whose understanding is only beginning to emerge. Thus, the researchers identified more than 44,000 conserved non-coding elements in tetrapods that have sprung up after the separation from the coelacanth lineage and may have a role in the transition to land.
Life on land poses a number of specific technical challenges for species adapted to a fish's life, and the researchers could pin down the specific responses to some of these in the genomic comparisons.
One of the challenges is the disposal of nitrogen compounds. In an aqueous environment, organisms can excrete ammonia, which will be diluted and neutralised before its toxicity becomes a problem. Amphibians have come up with excretion of urea instead. Studying the mutations in the rate-limiting enzyme of the urea cycle in the liver, researchers from the coelacanth sequencing consortium found that the selection pressure on this enzyme was particularly pronounced in the transition from fish to land tetrapods.
In terms of the visible differences in body plan between tetrapods and fishes, the limb development has Inner fish: While we humans tend to have grandiose ideas about our special position in the tree of life, more than 70% of our genes have an obvious orthologue in zebrafish, suggesting that the vast majority of our genetic heritage evolved in an aqueous environment. Therefore, research into the genomes of fishes can help to address medical problems. (Photo: iStockphoto 07-15-11 © Vladimir Piskunov.) attracted particular attention. The genome researchers discovered a regulatory sequence, termed island 1, which coelacanth shares with tetrapods but not with ray-finned fish such as zebrafish. Experiments with transgenic mice showed that the coelacanth version of this sequence can direct gene expression in a limbspecific pattern. The researchers conclude that this regulatory element served in the ancestral fin development and was maintained in its role while the fins became limbs.
And why would fish go to all that trouble and leave the aqueous habitat they are adapted to? Shubin suspects that the move may have been driven by ferocious predation. In Your Inner Fish, he writes: "… this was a fish-eatfish world. The strategies to succeed in this setting were pretty obvious: get big, get armor, or get out of the water. It looks as if our distant ancestors avoided the fight."
Transparent embryos
Studies of fish species can not only reveal distant events in evolution but also help understand our own embryonal development as it happens today. Zebrafish (Danio rerio), in particular, has served as a model to probe gene function in development, based on the advantages of easy handling and nearly transparent larvae, which are thus convenient for studies with fluorescent markers for gene activity. Surprisingly, the zebrafish has been lagging behind in genome research. Initial attempts to assemble a genome sequence from data of different individuals proved more challenging than anticipated due to the genetic variety within the species and the large amount of duplicate sequences within the genome.
To reduce the genetic variability, "we made fish in the lab that have only one version of each gene, one that derives from the mom, a virgin birth, and then we doubled it, so it has two copies of each gene as you and I have, but both copies are identical to each other," explains John Postlethwait from the University of Oregon at Eugene, US. "Thus, the sequencing of one individual with only one version of each gene allowed the Sanger center to assemble the genome without the babble of many versions of each gene."
Only this April, the Wellcome Trust Sanger Institute at Cambridge, UK, together with researchers from nine other institutions, published a highquality reference genome for this species (Nature (2013) 496, 498-593), which will be an important asset in future studies of gene function. The sequence assembly, technically referenced as Zv9, is based on a single zebrafish strain (Tübingen).
It includes more than 26,000 protein-coding genes, the largest number of genes found in any vertebrate species so far. It also sets a new record for repeat sequences in a vertebrate genome, which were found to make up 52.2% of the genome.
The analysis detects zebrafish orthologues for around 70% of human genes. Further comparisons also including mouse and chicken genomes reveal that more than 10,000 genes are shared between all four species. Of these four, zebrafish has the largest number of unique genes (3,634) not shared with any of the others.
Simultaneously, the groups of Derek Stemple at the Sanger Centre and Edwin Cuppen at the University of Utrecht, Netherlands, published a large-scale study probing the function of 10,000 genes in zebrafish, covering more than a third of the protein-coding genes in its genome (Nature (2013) 496, 494-497) .
The authors developed new high-throughput methods to detect phenotypes in the first five days of development. Initial analyses suggest that only 6% of the alleles studied have a detectable effect on the phenotype during this phase, which is lower than the results from comparable studies with mice. The authors admit that "the described genotype and phenotype correlations do not constitute proof of causality for the individual allele." More comprehensive studies will be necessary for that, but the initial results appear to show that it will be possible to assign functions to many of the important genes that zebrafish shares with land-living animals.
Together with other recent methodological progress, such as the development of a highly efficient genome-editing TALEN (transcription activator-like effector nucleases) system for zebrafish (Nature (2012) 491, 114-118) and the application of CRISPR-Cas RNA editing (Mol. Cell (2012) 45, 292-302) , this work will enable further functional genomic studies to elucidate the roles of specific genes in development.
More than 75% of all human genes connected to disease have a homologue in zebrafish, and research on zebrafish gene function has already shown benefits for medical research in the past. For instance, Donovan et al. identified a human gene that corresponds to a disease of the iron transport system thanks to its zebrafish orthologue (Nature (2000) 403, 776-781). Also, Peterson et al. used a small-molecule screen to suppress the phenotypic effect of a mutation that corresponds to a complex human cardiac syndrome (Nat. Biotech. (2004) 22, 595-599) .
"Both papers illustrate the power of zebrafish as a system to screen and study human diseases," says Vincent Laudet from the IGFL at Lyon. His group has recently shown, for instance, that many aspects of the appetite regulation system are conserved between zebrafish and human (Mol. Endocrinol. (2012 ) 26, 1316 -1326 . "As a vertebrate, the zebrafish is close to human, but much more amenable to screens, functional assays etc. than the mouse, much cheaper and as efficient, and in certain aspects even more efficient, to use than the mouse," Laudet concludes.
The zebrafish is becoming increasingly important as a sentinel species for research into endocrine disruptors (chemicals that can derail development by interfering with hormone systems), Laudet says. "Since the data use a lot of transcriptomic analysis, the genome will be particularly useful and, using gene knockout, it will be possible to link the effect of a particular compound with a specific gene: this is still unclear for many compounds, such as bisphenol A," he explains.
Thus, with the new fish genomes and an expanded set of tools for the investigation of gene function, researchers will now be able to exploit fully the deep similarities shared among vertebrates, which Shubin metaphorically called "your inner fish".
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